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Chemical control of electrical contact
to sp2 carbon atoms
Thomas Frederiksen1,2, Giuseppe Foti1,3, Fabrice Scheurer4, Virginie Speisser4 & Guillaume Schull4
Carbon-based nanostructures are attracting tremendous interest as components in ultrafast
electronics and optoelectronics. The electrical interfaces to these structures play a crucial role
for the electron transport, but the lack of control at the atomic scale can hamper device
functionality and integration into operating circuitry. Here we study a prototype carbon-based
molecular junction consisting of a single C60 molecule and probe how the electric current
through the junction depends on the chemical nature of the foremost electrode atom in
contact with the molecule. We ﬁnd that the efﬁciency of charge injection to a C60 molecule
varies substantially for the considered metallic species, and demonstrate that the relative
strength of the metal-C bond can be extracted from our transport measurements. Our study
further suggests that a single-C60 junction is a basic model to explore the properties of
electrical contacts to meso- and macroscopic sp2 carbon structures.
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T
hanks to their unique transport properties, carbon
nanotubes (CNT), graphene sheets and nanoribbons are
promising components for future nanoelectronics1. A close
attention is paid to the connections of these graphitic structures
to external metallic leads where the injection and the collection of
charges are controlled2–4. Indeed, bad interfaces might ruin the
transport properties of such carbon-based devices. To this
respect, the chemical nature of the contacting leads is of major
importance; it affects the electronic properties5 and, depending
on the reactivity, the geometry of the contact6. The impact of
these two aspects on the transport properties is entangled and,
for mesoscopic structures, it is challenging to address them
separately. Exploring the evolution of these parameters for
contacts shrunk to the limit of individual atoms might solve
this issue.
Scanning tunnelling microscopy (STM) contact experiments
with fullerene molecules have revealed the decisive impact of
atomic-scale modiﬁcations on transport properties7–10. Recently,
some of us demonstrated that the conductance of a Cu–C60–Cu
junction varies by more than an order of magnitude as a function
of the number of Cu atoms in direct contact with the C60
molecule11. For small contact sections (that is, a single-atom
contact) the conductance is limited by charge injection to the
molecule, and depends essentially on the electronic and
geometrical properties of the metal-C atomic contact, which
acts as a conductance ‘bottleneck’.
Here we probe the charge injection efﬁciency at the interface
between a C60 molecule and single metallic atoms of different
chemical nature. We demonstrate that information on the
reactivity between the fullerene and each speciﬁc atom can be
extracted from our experiments, which match the properties
observed at the mesoscopic scale. First-principles transport
simulations with a novel scheme to describe the single-C60
junction reproduce the experimental ﬁndings and reveal how
the chemical valence of the contacting atom determines the
conductance of the junction12–14. Our study further demonstrates
that atomic-scale junctions may be used to explore the properties
of mesoscale graphitic contacts.
Results
Metal adatoms as chemically controlled electrodes. To use
different metal adatoms (M1¼Cu1, Au1, Pd1, Fe1, Ti1, Al1)
deposited on a Cu(111) surface as chemically controlled electro-
des for molecular contacts, the apex of our STM tip was
functionalized with a C60 molecule previously evaporated on the
surface15. Figure 1a shows metallic adatoms imaged with a C60 tip
at a sample voltage corresponding to the second lowest
unoccupied molecular orbital (LUMOþ 1) of the molecular tip.
The image reveals that this particular C60-functionalized tip is
oriented with a bond between a pentagon and a hexagon (5:6
bond) towards the substrate16. Depending on the chemical nature
of the adatom, a varying ‘apparent height’ is exhibited in the STM
images as highlighted in the close-up views in Fig. 1b–d.
Figure 1e–f show contact experiments obtained with a
C60-terminated STM tip and the different adatoms. As expected,
the conductances vary exponentially with the tip approach in the
tunnelling regime (large z). At shorter distances, a change in the
slopes is observed, which marks a transition towards a contact
regime. A contact distance zc and a contact conductance Gc (black
crosses in Fig. 1f) are determined for each conductance trace
following the method detailed in ref. 11. We emphasize that the
contact measurements performed on Au1, Cu1 and Fe1 were
acquired with the same C60 tip and can be directly compared. The
traces obtained on Pd1, Ti1 and Al1 pertain to other sets of
measurements where they were compared with Cu1. Taking Cu1
as a reference, it is therefore possible to compare data from
different experiments with different adatom species. Using this
method, the impact of different molecular orientations and of
different tip-side interfaces between C60 and metal on the
experimental data is strongly reduced. Figure 2 and Table 1
summarizes the relative distances and conductances at contact.
Mechanical aspects of contact formation. First we focus on the
mechanical aspects of the different junctions. Figure 2a shows
that the contact takes place at different tip-sample distances zc
depending on the chemical nature of the metallic adatom. For
instance, the contact point occurs systematically at larger zc values
with Ti1 than with any of the other species. We ﬁnd that the
experimental variation in zc correlates very well with binding
energies Eb (blue triangles) between an atom M1 and a single C60
molecule calculated using density functional theory (DFT), see
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Figure 1 | Individual metal adatoms contacted with a C60 -functionalized
STM tip. (a) STM image (7.06.2 nm2) of different metal adatoms
on Cu(111) acquired with a C60 tip at a sample voltage V¼ 1.7 V.
(b–d) Close-up views (1.4 1.4 nm2) of Cu1, Au1 and Fe1 images with a
C60 tip for tunnelling conditions corresponding to the initial parameter of
the traces in f. (e) Sketch of the C60 tip where z¼0 corresponds to contact
with the ﬂat surface. (f) Experimental conductance traces G(z) in units of
the conductance quantum G0¼ 2e2/h. Black crosses mark the contact
points deﬁned as the intersection of the contact and transition regimes
such as indicated by the dashed grey lines in panel f for the bare
surface data.
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Methods section. The substrate has little impact on these binding
energy trends, as discussed in Supplementary Fig. 1.
This suggests that the shape of the conductance trace around
the point of contact is a measure of the attractive chemical forces
between the adatom and the C60 tip. Indeed, when the C60 tip
approaches the adatom, the attractive force between them
increases giving rise to an elastic response17. The larger the
attractive force between the molecule and the adatom, the
‘sooner’ a contact is established (that is, larger zc). Our DFT-
generalized gradient approximation (GGA) calculations18,19 for
the various junctions (Fig. 3a) also support that the variation
observed in Fig. 2a is not due to the natural height variations of
the different adatoms on Cu(111) (Supplementary Fig. 2). These
ﬁndings also agree with measurements of the sticking behaviour
of mesoscopic metallic electrodes on single-wall CNT6,
supporting a hierarchy Eb(Pd)4Eb(Fe)4Eb(Al)4Eb(Au) for the
binding energy. Theoretical works have revealed similar
hierarchies for metallic adatoms20, clusters of metallic
atoms5, and metal surfaces21 interacting with graphene sheets.
While the reactivity between sp2 carbon atoms and metallic
electrodes varies with the dimensionality (0D, 1D or 2D) and
the curvature of the graphitic structure, it is noticeable that
our atomic-scale experiment reproduces accurately all these
trends.
Chemical trends of the adatom on contact conductance. We
next turn to the discussion of the contact conductance values. The
experimental data in Fig. 2b (black crosses) reveal that Gc is on
average about 1.6 times higher for Au1 and Pd1 than for Cu1
contacts. The largest average ratio was observed for Al1. Although
we took the greatest care to locate the molecular tip over each
adatom with the same relative position before the tip approach,
sub-angstro¨m variations of this parameter are unavoidable. Such
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Figure 2 | Mechanical and conductive trends with different adatom
electrodes. (a) Experimental (black crosses) contact distances zc and
(b) contact conductances Gc for each of the considered metallic adatoms
M1, obtained with different C60 tips. As a common reference, the data
are (a) compared with or (b) normalized by the value obtained on Cu1.
In panel a, the experimental contact distances are compared with calculated
binding energies between an atom M1 and a single C60 molecule. In panel b,
the experimental data are compared with calculated conductances
(normalized by Cu1) for different electrode separations and binding sites
(see text). The scattering in the theoretical data (blue triangles)
corresponds to calculations for different lateral adatom positions and
distances with respect to the C60 tip.
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Figure 3 | Analysis of calculated junction properties. (a) Model of the
C60–M1 junctions considered in the calculations. (b) PDOS onto adatom
basis (full lines: adatoms positioned in hollow sites on the molecular
symmetry axis, L¼ 18.5Å) compared with the density of states for the
same species in its bulk environment (dashed lines, Supplementary Fig. 5).
For Fe and Ti, the two spin components are shown with opposite sign. The
datasets are offset for clarity. (c) Comparison of adatom PDOS at the Fermi
level (L¼ 18.5Å) with the calculated junction conductance Gc(M1) at
different electrode separations, normalized with respect to Cu1.
Table 1 | Absolute experimental contact distances zc and contact conductances Gc.
Adatom Cu1 Au1 Pd1 Fe1 Ti1 Al1
zc Að Þ 1.9±0.2 1.9±0.2 2.3±0.2 2.1±0.2 2.5±0.3 2.0±0.2
Gc G0ð Þ 0.11±0.02 0.18±0.05 0.17±0.05 0.29±0.08 0.28±0.10 0.65±0.20
The estimates for each adatom species are determined according to these expressions: zc M1ð Þ ¼ zc Cu1ð Þþ zc M1ð Þ  zc Cu1ð Þ and Gc M1ð Þ ¼ Gc Cu1ð ÞGc M1ð Þ=Gc Cu1ð Þ. The absolutes values for Cu1 were
deduced from the overall experimental data sets.
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small variations can lead to different contact geometries and,
consequently, to different contact conductances9. This explains
the scattering in the experimental data in Fig. 2b. In our
simulations we account for this aspect by considering different
lateral positions of the adatoms with respect to the C60 tip11. We
also consider different C60-adatom distances around the point of
contact (Fig. 3a). The result of these simulations is displayed as
blue triangles in Fig. 2b. An overall good agreement is obtained
between experiment and theory. The conductance ratios are
quantitatively reproduced for the Au1, Fe1 and Pd1 species. Ti1
and Al1 are also found to be the most conductive species, but
contrary to the experiment theory assigns a larger conductance to
Ti1 than to Al1. Our conductance ratios also agree with
simulations for metal-graphene and metal-CNT interfaces5,22.
Importantly, these results conﬁrm that the efﬁciency of charge
injection to a C60 molecule can vary substantially for different
metal adatoms, independently of any geometrical considerations.
To rationalize the observed hierarchy, it is useful to consider
the projected density of states (PDOS) on the different metallic
adatoms as shown in Fig. 3b and Supplementary Fig. 3. For Cu1,
Au1 and Pd1 a d-orbital adatom resonance is present signiﬁcantly
below the Fermi level EF. Around EF, these three species as well as
Al1 exhibit no particular spectral features corroborating that their
sp electronic states of the free atoms hybridize strongly with
Cu(111). The situation is very different for Fe1 and Ti1 which
both exhibit a spin-polarized electronic structure with d-orbital
resonances located around EF. For Fe1 (Ti1), the PDOS at EF is
dominated by the minority (majority) spin channel, rather
analogous to the case of these metals adsorbed on graphene20.
The transmission spin polarization23 is predicted to be as high as
88% in the case of Ti (Supplementary Fig. 4). Figure 3c compares
the calculated junction conductances with the PDOS(EF) of the
adatom at relatively large electrode separation (L¼ 18.5 Å,
Fig. 3a). To a ﬁrst approximation, it is observed that the
conductance is related to the PDOS.
This interpretation in terms of PDOS on the adatoms also
offers an explanation for the overestimated conductance of Ti1 in
the simulations. Close to resonant transport conditions—that is,
when the adatom d-orbitals are nearly aligned with EF—the
conductance depends sensitively on the resonance position and
width. An inadequate description of the strong Coulomb
repulsion between the 3d electrons localized on the adatom with
standard DFT methods (and consequently their hybridization
with the substrate) can therefore have a large impact on the
calculated conductance. Although theory still provides a qualita-
tive agreement with experiment in these cases (Fe1 and Ti1),
a quantitative comparison needs to be taken with caution.
Figure 3b also compares PDOS of the various metal adatoms
with the corresponding density of states in the bulk
(Supplementary Fig. 5). Interestingly, despite of very different
environments, their spectral features are rather similar. The main
difference is obtained for Pd, where the d-band in bulk reaches
EF while it is located well below for Pd1 on Cu(111). This general
correspondence supports the notion that our single adatoms
can be considered representative for meso- and macroscopic
electrodes. Therefore noble metals Cu1 and Au1 as well as Pd1
(closed d-shell elements) are generally less favourable for charge
injection to C60 than the open d-shell elements Fe1 and Ti1 or the
open p-shell element Al1. These observations suggest that the
ability of a given metal to inject charges to sp2 carbon can, to
some extent, be intuited from its chemical valence.
Adatom inﬂuence on C60 orbitals. Finally, the electronic
properties of the C60 are affected by the hybridization with the
different adatoms11,24 with consequences for the junction
conductance. Figure 4 shows the PDOS onto the C60 basis
at relatively small electrode separation (L¼ 17.2 Å, Fig. 3a).
It reveals the characteristic spectral features of the C60 tip
(essentially the highest occupied molecular orbital around
 1.2 eV, the LUMO around 0.4 eV and the LUMOþ 1 around
1.2 eV), but also subtle differences depending on the adatom
species. Compared with the PDOS for the isolated C60 tip (dashed
black lines), it is observed that the spectrum is only weakly
perturbed by the interaction with the adatoms. For Pd1, Fe1 and
Ti1, additional features appear coinciding with the d-resonances
shown in Fig. 3b. The stronger impact of these adatoms on
the C60 orbitals is consistent with their signiﬁcant reactivities
reported in Fig. 2a.
Figure 4 also reveals that the molecular resonances shift to
lower energies as the contact is established, suggesting that these
adatoms transfer additional electrons to C60 (for the full evolution
with electrode separation L, see Supplementary Fig. 6). As a
consequence, the LUMO becomes more resonant with the Fermi
level and conductance is enhanced.11 These shifts are weak with
Pd1 (little charge transfer) but strong with Al1 and Ti1 (signiﬁcant
charge transfer). The differences among the adatoms may
therefore affect the conductance hierarchy for larger contacts
(more than one atom); for example, the conductance would be
expected to increase more rapidly with the number of atoms in
the cluster for Al1 and Ti1 than for Pd1.
Discussion
We have presented a systematic approach to probe the impact of
electrode material on structure and electron transport at metal-
sp2 carbon interfaces. DFT simulations conﬁrm our observations
and rationalize the observed properties. We ﬁnd that some
experimental parameters (the contact distance zc) directly reﬂect
the strength of the metal-C bonds, but also that this strength does
not necessarily reﬂect its conductive properties. In fact, we
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Figure 4 | Inﬂuence of adatoms on the C60 orbitals. PDOS onto the
C60 basis at relatively small electrode separation (L¼ 17.2Å. Fig. 3a).
Adatoms in hollow sites on the molecular symmetry axis (thin lines)
as well as adatoms shifted one hollow site away (thick lines) are
considered. For Fe and Ti, the two spin components are shown with
opposite sign. The datasets are offset for clarity and compared with
PDOS for the isolated C60 tip (dashed black lines).
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conclude that the ability of a metal atom to efﬁciently inject
charges into a sp2 carbon atom is intimately linked to its chemical
valence. For transition metals, it appears that elements in the
centre of the d-block present a higher ability for charge injection
than atoms from the d-block extrema due to a higher density of
states at the Fermi level. Charge transfer between the metal
adatom and the contacted C atoms of the C60 molecule modiﬁes
somewhat the position of the molecular resonances that also
affects the conductance of the atomic-scale contact. Our single-
C60 junctions are thus good models to explore the properties of
electric contacts to sp2 carbon materials.
Methods
STM setup. The experiments were performed with an Omicron low-temperature
STM operated at E4.5 K in ultrahigh vacuum (below 10 10mbar). Cu(111)
samples and etched W tips were prepared by Arþ bombardment and annealing.
W tips were indented into the sample surface to cover them with Cu. Approxi-
mately 0.2 monolayer of C60 molecules were deposited on a sample kept at room
temperature. Au, Pd, Fe, Ti or Al atoms were deposited on the C60-covered
Cu(111) surface kept at low temperature (4.5 K). Cu atoms were deposited using
the method described in ref. 25.
Identiﬁcation of the different metallic species. In a ﬁrst step, each of the
metallic species (except Cu1) was evaporated individually (that is, different
experimental sets) on a pristine Cu(111) sample maintained at low temperature.
As referenced in the paper, Cu1 was systematically deposited by contacting the
Cu(111) surface with the STM tip. For Cu1, Au1 and Fe1, it was possible to register
constant height differential conductance (dI/dV) spectra over a large energy range
(Fig. 5a,b). The dI/dV spectra were acquired using lock-in detection with a
modulation frequency of 740Hz and a root-mean-square modulation amplitude of
10mV. These data reveal resonances characteristic of the different species. The
dI/dV spectra of Cu1/Cu(111) are even referenced in the literature26. Using these
signatures, it was easy to discriminate these three adatoms from each other on the
surface.The dI/dV spectra of Pd1, Ti1 and Al1 could not be measured because of
instabilities at high voltages. This is why these elements were measured separately
and were only compared with Cu1 (which can be easily identiﬁed). It is therefore
impossible to take one species for another.
We had a particularly critical look at the Ti1 and Al1 cases. Although the
evaporation of Cu1, Au1, Pd1 and Fe1 is well known and relatively easy to control,
Ti1 and Al1 are less documented. Ti1 was deposited by T. Jamneala et al.27 on
Au(111). In this case, dI/dV data reveal a small Kondo feature at the Fermi level as
well as a characteristic feature around 150mV (most likely a 3d-orbital resonance).
We were able to reproduce these features (Fig. 5c), which validates the evaporation
of Ti1. Unfortunately, Al1 reveals no features in dI/dV spectroscopy and this
strategy can thus not be used for the identiﬁcation. To investigate if the evaporated
material really corresponds to individual atoms (and not clusters of atoms), we
used atom manipulation techniques to form dimers Al2 and trimers Al3 (Fig. 6).
The fuzzy image in Fig. 6e is a strong indication of a dimer, similar to the
Cu2/Cu(111) case26. While we cannot rule out a possible contamination of the
deposited adatoms, we believe the manipulation sequence is a strong support
for Al1.
C60–M1 binding energy calculations. The binding energy Eb between a C60
molecule and a single metallic atom M1 is deﬁned as Eb(C60M1)¼ Etot(C60)þ
Etot(M1)Etot(C60M1), where Etot(i) is the total energy of system i from a
spin-polarized calculation. A positive binding energy thus corresponds to a stable
system. DFT calculations were carried out with the Vasp code28 using a 515-eV
planewave cutoff, the generalized gradient approximation (GGA) of Perdew-
Burke-Ernzerhof (PBE) for the exchange-correlation functional29, a tetragonal
supercell of 14 14 20Å3, a Gaussian smearing of 1meV for the occupancies,
and relaxations until residual forces were smaller than 0.02 eVÅ 1. Constraints
were imposed to ﬁx the metal atom to different binding sites on the C60 cage. The
results for the binding energies Eb, spin magnetic moment m and characteristic
bond lengths are given in Tables 2 and 3. These trends are mostly in agreement
with those reported in ref. 23. We checked the role of applying a dipole correction
for electrostatic interactions between neighbouring cells along the dimer axis, but
this only affects the binding energies by a few percent for our simulation cells
(Supplementary Table 1).
Electronic structure of model junctions. The electronic structure for the various
junction geometries (Fig. 3a) was calculated with the Siesta18 pseudopotential DFT
method with the GGA-PBE exchange-correlation functional29 as described in
refs 11 and 15. The junctions are modelled by structures comprizing a 13-layer
slab Cu(111) in a 4 4 representation, the adatom as well as the C60 molecule.
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Figure 5 | Experimental constant-height spectra of deposited adatoms
recorded with a metallic STM tip. (a) Cu1, Au1 and (b) Fe1 deposited on
Cu(111). Note that the spectrum in b was acquired with a lower current set
point to limit instabilities at high voltages. These spectra are characteristic
of the different species and are used to identify them. (c) Ti1 deposited on
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Figure 6 | Experimental STM images of a manipulation sequence on
Cu(111). (a) Three individual Al1 are arranged into (b) Al1 and a dimer Al2,
and ﬁnally into (c) a trimer Al3. Panels (e,f) show image close ups of the
cluster to the upper right. The scale bar, 1 nm.
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A standard single-zeta plus polarization basis was employed for bulk Cu (0.15-eV
energy shift) and a long-ranged (0.02-eV energy shift), double-zeta plus
polarization basis for C60 and the adatoms. The pseudopotentials were constructed
according to the parameters speciﬁed in Supplementary Table 2. Real-space grid
integrations were carried out using a 200 Ry energy cutoff. The 3D Brillouin zone
was sampled with a 2 2 1 Monkhorst-Pack k-mesh. The lattice constant for the
Cu crystal was set to 3.70Å. As a function of varying the electrode separation L
(Fig. 3a), the adatoms and underlying surface layer were relaxed to 0.02 eVÅ 1.
The adatom heights h and radial distances r to the molecular symmetry axis are
reported in Supplementary Fig. 7. PDOS were calculated using Inelastica30 with a
13 13 k||-mesh of Gauss–Kronrod points and a broadening of Z¼ 0.1 eV in the
bulk part of the semi-inﬁnite electrodes.
First-principles transport simulations. The electronic structure from Siesta was
used to calculate the transport properties for the TranSiesta19 setup using
Inelastica30. The zero-bias conductance G is determined by the electron
transmission function T(E) evaluated at the Fermi energy EF:
G ¼ G0TðEFÞ; ð1Þ
where G0¼ 2e2/h is the conductance quantum. We calculate the electron
transmission in two different approaches as described below.
The typical approach is to calculate T(EF) per unit cell for a system which is
periodically repeated in the plane perpendicular to the electron transport. This
periodic (P) approach is consistent with the DFT treatment that relies on this
periodicity. As a consequence of Bloch’s theorem, the electron transmission is
averaged over k-points in the 1st Brillouin zone (with weights wk¼ 1/Nk when
using a linearly spaced mesh with Nk points):
TPðEÞ ¼ hTðE; kÞik 
X
k
wkTðE; kÞ: ð2Þ
Here T(E,k) is the electron transmission resolved in terms of electron momentum k
TðE; kÞ ¼ Tr½GðE; kÞGLðE; kÞGyðE; kÞGRðE; kÞ; ð3Þ
and where the retarded Green’s function G in the device region is
GðE; kÞ ¼ ½ðE þ iZÞSðkÞHðkÞLðE; kÞRðE; kÞ 1; ð4Þ
with S(k) and H(k) being the overlap and Hamiltonian matrices, respectively. The
electrode-coupling rates are related to the self-energies via
GL=RðE; kÞ  i½L=RðE; kÞyL=RðE; kÞ: ð5Þ
The experiment, however, concerns a single C60-functionalized STM tip in
contact with a single adatom on Cu(111). Our alternative computational approach,
more in line with this situation, corresponds to partitioning the system into
periodic leads (where quantities are k-sampled) and a ‘non-periodic’ device region
(which does not depend on k). This is similar to a real-space DFT approach for
STM simulations31,32 and methods used for phonon transport through
nanoconstrictions33,34. For our simulation cells, the natural choice is to consider
the adatom and C60 as the device, since the electronic coupling between these
atoms and their periodic repetitions is signiﬁcantly smaller than for the Cu atoms
in the two semi-inﬁnite electrodes. The transmission TNP(E) is then given by
TNPðEÞ ¼ Tr½GðEÞhGLðE; kÞikGyðEÞhGRðE; kÞik; ð6Þ
where now the device Green’s function G is thought to concern a single junction
GðEÞ ¼ ½ðE þ iZÞSHhLðE; kÞik hRðE; kÞik 1; ð7Þ
with only the self-energies being sampled over k. In practice, since the device region
may not be completely decoupled from its periodic repetitions, we sample TNP(E)
over a coarse 3 3-k-mesh for the device part (H and S) and check that there are
only small variations on this mesh.
Figure 7 compares the conductance ratios for the two computational schemes
as well as for different sampling of k-space (6 6 linearly spaced points versus
13 13 Gauss–Kronrod points). We ﬁnd that the latter ‘non-periodic’ approach,
implemented on this occasion in Inelastica30, gives a slightly better overall
agreement with the experimental conductance ratios (in particular for the Al1 case).
The ﬁgure also highlights the convergence in k-space as essentially the same
conductance ratios are obtained for the two periodic sets of calculations (blue
diamonds versus red triangles). In the Gauss–Kronrod scheme, a broadening of
Z¼ 0.1 eV was used in the bulk electrode.
The absolute conductances for both schemes are shown in Supplementary
Figs 8 and 9. Further, for the spin-polarized species (Fe and Ti) the transmission
per spin channel as well as the transmission spin polarization is shown in
Supplementary Fig. 4. We also checked that the calculated conductance ratios for
Al1 shows no signiﬁcant dependence on the C60-orientation (Supplementary Fig. 10).
Kondo physics. We note that eventual Kondo physics35,36, beyond the DFT
methods employed here, is not expected to impact our results. No Kondo
resonances were experimentally resolved in dI/dV for any of the considered
species on Cu(111). Therefore, even if a narrow Kondo feature would exists for
species like Fe1 and Ti1, it has a negligible effect on the measured conductance
at V¼  50mV.
Table 2 | Calculated binding energies and spin magnetic moments of C60-M1 clusters.
Al1 Au1 Co1 Cu1 Fe1 Pd1 Ti1
5:6 bond 1.23 (1) 0.58 (1) 1.32 (1) 0.87 (1) 1.02 (4) 1.69 (0) 1.61 (4)
6:6 bond 1.38 (1) 0.55 (1) 1.67 (1) 0.74 (1) 1.03 (2) 1.93 (0) 2.06 (2)
Corner 1.26 (1) 0.75 (1) 1.15 (3) 0.87 (1) 0.92 (4) 1.56 (0) 1.45 (4)
Hexagon 1.22 (1) — 1.14 (1) 0.18 (1) 1.03 (2) 0.95 (0) 2.30 (2)
Pentagon 1.39 (1) — 1.23 (1) 0.42 (1) 0.61 (4) 1.26 (0) 1.84 (4)
Vasp GGA-PBE binding energies Eb in eV (spin magnetic moment m in mB) for different metallic species M1 bonded at speciﬁc sites of a C60 molecule. Non-bonding conﬁgurations are indicated with —.
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Figure 7 | Comparison of conductance ratios with different
computational approaches. Calculations for periodic arrays of C60
junctions with the transmission T(EF) sampled on a k-mesh of 66 linearly
spaced points (blue diamonds) or with 13 13 Gauss–Kronrod points (red
triangles) in 1st Brillouin zone (1BZ). Calculations for a ‘non-periodic’
molecular junction with electrode self-energies SL/R sampled on a k-mesh
of 13 13 Gauss–Kronrod points in 1BZ (turquoise triangles). The device
region consists of the adatom and C60. The experimental ratios (black
crosses) are shown for comparison.
Table 3 | Calculated bond lengths of C60-M1 clusters.
Al1 Au1 Co1 Cu1 Fe1 Pd1 Ti1
5:6 bond 2.30 2.29 1.94 2.07 2.07 2.12 2.25
6:6 bond 2.32 2.29 1.92 2.06 1.98 2.09 2.09
Corner 2.18 2.12 1.93 1.95 1.98 2.01 2.19
Hexagon 2.66 — 2.17 2.46 2.18 2.50 2.28
Pentagon 2.53 — 2.10 2.37 2.35 2.41 2.35
Vasp GGA-PBE results for the average bond length (in Å) between the metallic species M1 and
the bonding-C atoms.
Non-bonding conﬁgurations are indicated with —.
ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms4659
6 NATURE COMMUNICATIONS | 5:3659 | DOI: 10.1038/ncomms4659 | www.nature.com/naturecommunications
& 2014 Macmillan Publishers Limited. All rights reserved.
References
1. Avouris, P., Chen, Z. & Perebeinos, V. Carbon-based electronics. Nat.
Nanotechnol. 2, 605 (2007).
2. Nemec, N., Toma´nek, D. & Cuniberti, G. Contact dependence of carrier
injection in carbon nanotubes: An Ab Initio study. Phys. Rev. Lett. 96, 076802
(2006).
3. Xia, F., Perebeinos, V., Lin, Y.-M., Wu, Y. & Avouris, P. The origins
and limits of metal–graphene junction resistance. Nat. Nanotechnol. 6, 179
(2011).
4. Le´onard, F. & Talin, A. A. Electrical contacts to one- and two-dimensional
nanomaterials. Nat. Nanotechnol. 6, 773 (2011).
5. Matsuda, Y., Deng, W.-Q. & Goddard, W. A. Contact resistance for end-
contacted metal–graphene and metal–nanotube interfaces from quantum
mechanics. J. Phys. Chem. C 114, 17845 (2010).
6. Zhang, Y., Franklin, N. W., Chen, R. J. & Dai, H. Metal coating on suspended
carbon nanotubes and its implication to metal–tube interaction. Chem. Phys.
Lett. 331, 35 (2000).
7. Ne´el, N., Kro¨ger, J., Limot, L. & Berndt, R. Conductance of oriented C60
molecules. Nano Lett. 8, 1291 (2008).
8. Schulze, G. et al. Resonant electron heating and molecular phonon cooling in
single C60C60 junctions. Phys. Rev. Lett. 100, 136801 (2008).
9. Schull, G., Dappe, Y. J., Gonza´lez, C., Bulou, H. & Berndt, R. Charge injection
through single and double carbon bonds. Nano Lett. 11, 3142 (2011).
10. Stro´zecka, A. et al. Modiﬁcation of the conductance of single fullerene
molecules by endohedral doping. Appl. Phys. Lett. 95, 133118 (2009).
11. Schull, G., Frederiksen, T., Arnau, A., Sa´nchez-Portal, D. & Berndt, R.
Atomic-scale engineering of electrodes for single-molecule contacts. Nat.
Nanotechnol. 6, 23 (2011).
12. Brandbyge, M., Sørensen, M. R. & Jacobsen, K. W. Conductance eigenchannels
in nanocontacts. Phys. Rev. B 56, 14956 (1997).
13. Cuevas, J. C., Yeyati, A. L. & Martin-Rodero, A. Microscopic origin of
conducting channels in metallic atomic-size contacts. Phys. Rev. Lett. 80, 1066
(1998).
14. Scheer, E. et al. The signature of chemical valence in the electrical conduction
through a single-atom contact. Nature (London) 394, 154 (1998).
15. Schull, G., Frederiksen, T., Brandbyge, M. & Berndt, R. Passing current through
touching molecules. Phys. Rev. Lett. 103, 206803 (2009).
16. Schull, G. & Berndt, R. Orientationally ordered (7 7) superstructure of C60 on
Au(111). Phys. Rev. Lett. 99, 226105 (2007).
17. Ternes, M. et al. Interplay of conductance, force, and structural change in
metallic point contacts. Phys. Rev. Lett. 106, 016802 (2011).
18. Soler, J. M. et al. The SIESTA method for ab initio order-N materials
simulation. J. Phys.: Condens. Matter 14, 2745 (2002).
19. Brandbyge, M., Mozos, J. L., Ordejo´n, P., Taylor, J. & Stokbro, K.
Density-functional method for nonequilibrium electron transport. Phys. Rev. B
65, 165401 (2002).
20. Chan, K. T., Neaton, J. B. & Cohen, M. L. First-principles study of metal
adatom adsorption on graphene. Phys. Rev. B 77, 235430 (2008).
21. Khomyakov, P. A. et al. First-principles study of the interaction and charge
transfer between graphene and metals. Phys. Rev. B 79, 195425 (2009).
22. Palacios, J. J., Perez-Jimenez, A. J., Louis, E., San Fabian, E. & Verges, J. A.
First-principles phase-coherent transport in metallic nanotubes with realistic
contacts. Phys. Rev. Lett. 90, 106801 (2003).
23. Koleini, M. & Brandbyge, M. Strong spin-ﬁltering and spin-valve effects in a
molecular V-C60-V contact. Beilstein J. Nanotechnol. 3, 589 (2012).
24. Pai, W. W. et al. Optimal electron doping of a C60 monolayer on Cu(111) via
interface reconstruction. Phys. Rev. Lett. 104, 036103 (2010).
25. Limot, L., Kro¨ger, J., Berndt, R., Garcia-Lekue, A. & Hofer, W. A. Atom transfer
and single-adatom contacts. Phys. Rev. Lett. 94, 126102 (2005).
26. Fo¨lsch, S., Hyldgaard, P., Koch, R. & Ploog, K. H. Quantum conﬁnement in
monatomic Cu chains on Cu(111). Phys. Rev. Lett. 92, 056803 (2004).
27. Jamneala, T., Madhavan, V., Chen, W. & Crommie, M. F. Scanning tunnelling
spectroscopy of transition-metal impurities at the surface of gold. Phys. Rev. B
61, 9990 (2000).
28. Kresse, G. & Furthmu¨ller, J. Efﬁcient iterative schemes for ab initio total-energy
calculations using a plane-wave basis set. Phys. Rev. B 54, 11169 (1996).
29. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation
made simple. Phys. Rev. Lett. 77, 3865 (1996).
30. Frederiksen, T. & Paulsson, M. The Inelastica software http://sourceforge.net/
projects/inelastica.
31. Cerda´, J., Van Hove, M. A., Sautet, P. & Salmeron, M. Efﬁcient method for the
simulation of STM images. I. generalized Green-function formalism. Phys. Rev.
B 56, 15885 (1997).
32. Janta-Polczynski, B. A., Cerda´, J. I., E´thier-Majcher, G., Piyakis, K. & Rochefort,
A. Parallel scanning tunneling microscopy imaging of low dimensional
nanostructures. J. Appl. Phys. 104, 023702 (2008).
33. Zhang, W., Mingo, N. & Fisher, T. S. Simulation of phonon transport across
a non-polar nanowire junction using an atomistic green’s function method.
Phys. Rev. B 76, 195429 (2007).
34. Gunst, T., Lu¨, J.-T., Hedegård, P. & Brandbyge, M. Phonon excitation and
instabilities in biased graphene nanoconstrictions. Phys. Rev. B 88, 161401
(2013).
35. Yu, L. H. & Natelson, D. The Kondo effect in C60 single-molecule transistors.
Nano Lett. 4, 79 (2004).
36. Parks, J. J. et al. Tuning the Kondo effect with a mechanically controllable break
junction. Phys. Rev. Lett. 99, 026601 (2007).
Acknowledgements
We thank Daniel Sa´nchez-Portal, Andre´s Arnau, Magnus Paulsson, Mads Brandbyge,
Andrea Donarini and Herve´ Bulou for stimulating discussions, and Jean-Georges
Faullumel for technical support. T.F. and G.F. acknowledge the support of the Basque
Departamento de Educacio´n and the UPV/EHU (Grant No. IT-756-13), the Spanish
Ministerio de Economı´a y Competitividad (Grant No. FIS2010-19609-CO2-00) and
the European Union Integrated Project PAMS. T.F. and G.F. thank Center for
Nanostructured Graphene (Project DNRF58) for hospitality. F.S. and G.S. acknowledge
the Agence National de la Recherche for ﬁnancial support (Contracts TRANSMOL
ANR-2010-JCJC-1004 and SPINCOMM ANR-13-BS10-0016).
Author contributions
The experiment was conceived by G.S. and carried out by G.S., F.S. and V.S. T.F. and G.F.
performed the simulations. T.F. and G.S. wrote the paper with comments and input from
all authors.
Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications
Competing ﬁnancial interests: The authors declare no competing ﬁnancial interests.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
How to cite this article: Frederiksen, T. et al. Chemical control of electrical contact to
sp2 carbon atoms. Nat. Commun. 5:3659 doi: 10.1038/ncomms4659 (2014).
This work is licensed under a Creative Commons Attribution 3.0
Unported License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material.
To view a copy of this license, visit http://creativecommons.org/licenses/by/3.0/
NATURE COMMUNICATIONS | DOI: 10.1038/ncomms4659 ARTICLE
NATURE COMMUNICATIONS | 5:3659 | DOI: 10.1038/ncomms4659 | www.nature.com/naturecommunications 7
& 2014 Macmillan Publishers Limited. All rights reserved.
